Currently, the most widely used types of maxillofacial materials include rigid poly-(methyl methacrylate), plasticized poly (vinyl chloride) or plasticized vinyl chloride-vinyl acetate copolymers, and silicone rubbers. Sev-
mole/crosslink and an OH/NCO ratio of 1.1 resulted in polymers with the low modulus, yet high strength and elongation necessary for maxillofacial applications. J Dent Res 57 (4) :563-569, April 1978. There are no completely satisfactory maxillofacial reconstructive materials. The best maxillofacial prosthesis available today, although excellent when originally delivered, deteriorates in 6 to 12 months to the point where it requires replacement. '-4 This deterioration is associated with either degradation of mechanical properties or changes in appearance. The deficient properties which most commonly cause mechanical failure are tear resistance and general stiffening of the elastic material as a result of migration and leaching of the plasticizer. Degradation of esthetic qualities can be a result of color changes in the base polymer caused by oxidation and ultraviolet light, color changes in pigments and dyes used to characterize the prosthesis, or adsorption of dirt, grease, or cosmetics onto the surface and subsequent diffusion into the polymer.
Currently, the most widely used types of maxillofacial materials include rigid poly-(methyl methacrylate), plasticized poly (vinyl chloride) or plasticized vinyl chloride-vinyl acetate copolymers, and silicone rubbers. Sev-eral other materials have recently been suggested including a latex-dispersed elastomer,5 a silphenylene polymer,6 and a polycarbonate/ silicone rubber block copolymer. 7 Polyurethane elastomers have great potential as maxillofacial materials. This hypothesis is based on their inherent environmental stability, high tear resistance, low modulus without the use of plasticizers, and good ultimate strength to the poly-
The prepolymer was received sealed under it alignment nitrogen. After each use, the metal container creasing the was purged with dry nitrogen and resealed. Id hence the This procedure was also used with the curing ntinued in-agents and catalyst, which were stored in a a point is desiccator between uses. The nitrogen was )sslink of ap-dried by bubbling it through sulfuric acid, passsslinks them-ing it through a column of sodium hydroxide 7. The liquid polymer was replaced into the reaction kettle and degassed for an additional 120 seconds at 100 C and 5 mm Hg.
8. The liquid polymer was then cast into preheated, fluorocarbon coated,* stainless steel molds. Tensile specimens for the polyetheraliphatic prepolymer were compression-molded and cured in the press at 100 C for 8 hours.
The optimum stoichiometry of the aliphatic-polyether elastomer for maxillofacial application was determined by simultaneously varying the crosslink density and prepolymer to curing agent ratio. 
Results
Overall, there was a greater variation in properties with the 1,4-butanediol/TMP ratio than with the OH/NCO ratio. This effect is understandable since the former ratio has a more drastic effect on crosslink density. With increasing relative amounts of the difunctional curing agent 1,4-butanediol, and consequently a decrease in crosslink density, there was a general increase in strength and a fourfold increase in elongation. The final elongation is plotted as a function of molecular weight per crosslink, Mc, for the three different OH/NCO ratios in Figure 2 .
For any given crosslink density, there was a relatively small change in tensile properties with OH/NCO ratio. This observation was particularly true under 250% elongation. Figure 4 . This figure, in essence, shows the change in tensile properties with crosslink density. The calculated molecular weight per crosslink is shown for each curve.
The stress-elongation curves measured at constant crosshead speed and temperature were typically nonlinear, and represented the time-dependent viscoelastic properties of these elastomers. For maxillofacial prosthetic application the modulus of the material is of particular importance, because flexibility affects biocompatibility as well as esthetics. In order to Magnusson treatment centers on the stressstrain equation predicted by the kinetic theory of elasticity rubber.
S=VRT (a-1/a2) where S is the engineering stress, V is the moles of effective chains per units volume, R is the gas constant, T is the absolute temperature, and a is the extension ratio equal to [A 1/1o] + 1. These authors showed that a plot of aS versus 8, where 8 equals Al /lo, yields a straight line for most elastomers, and the slope yields a precise value for the modulus, E. The value of E thus calculated represents an equilibrium behavior if the slope of the log (aS) versus log (8) plot is unity. This stems from the fact that the exponent, n, in the equation caS = E8n is unity for an equilibrium elastic response. The calculated value of E should be close to 3G, where G is the bulk modulus obtained from the slope of a S versus a -1/a2 plot.
Using the stress-elongation data from Figure 4 , plots of aS versus 8 (shown in Fig 5) , S versus a-1/a2, and log (aS) versus log (8) were made. The slopes of the log (aS) versus log (8) equilibrium modulus was indeed determined. The modulus, E, calculated from the aS versus 8 plots, the bulk modulus, G, calculated from the S versus a-l/a2 plots, and the slopes of log (aS) versus log (8), n, are listed in Table 2 .
Discussion
Although described in detail in the Methods section, several aspects of the technique used to polymerize the polyurethane elastomers warrant discussion. First, the importance of avoiding contamination by moisture cannot be understated. The presence of moisture during the reaction can completely eliminate the reactivity of the isocyanate groups on the urethane prepolymers. In the severe case, the polymerization can be minimal, resulting in a viscous liquid as a final product. Minor contamination allows polymerization, but the resultant molecular weight and crosslink density are below the theoretical values. Moisture contamination was minimized by maintaining all reactants and the catalyst in an atmosphere of dry nitrogen, and storing the containers in a desiccator. The use of the 5-Angstrom molecular sieve was an additional aid in removing moisture from the premixed curing agents. All handling and mixing was performed rapidly, and containers were purged and resealed as quickly as possible. Preparation of the urethane materials was suspended when conditions of high humidity existed in the laboratory.
Oxidation of the catalyst from the stannous to stannic octoate form is also a potential deterrent to achieving theoretical crosslink density and molecular weight. As indicated in the Introduction, the aliphatic urethane prepolymer required a catalyst for the curing reaction with 1,4-butanediol and trimethylol pro there is a depression of the modulus, followed by an increase in the modulus with crosslinking density. The minimum modulus occurs near an Mc value of 5,000. As described earlier, the decrease in modulus is caused by the interference in intermolecular bonds by the trimethylolpropane curing agent. The exponent "n" values in Table 2 , which theoretically should be unity, indicate that equilibrium modulus values were in fact obtained.
The polyurethane elastomer based on the aliphatic diisocyanate HMDI, and a polyether macroglycol, PTMEG, was selected on the basis of its potential physical as well as mechanical properties. The inherent chemistry of the reactants would provide good environmental stability, but the main challenge was to optimize, in one polymer, the mechanical properties necessary for a successful maxillofacial material. Tensile data were the primary determinants in this optimization process.
The elongation data in Figure 2 suggested that an OH/NCO ratio of 1.1 would be desirable, since the lower isocyanate concentration resulted in a polymer with higher elongation. The ratio of 1.0 would have been acceptable, while the formations with OH/NCO ratios of 0.9 had insufficient elongation. The materials with OH/NCO ratios of 1.1 had lower strengths, but not significantly below those samples with OH/NCO ratios of 1.0. Therefore, 1.1 was selected as the preferred OH/ NCO ratio.
The crosslink density for the poly(ether urethane) was selected by reviewing the elongation data in Figure 2 , the stress-elongation curves in Figure 4 , and the equilibrium data in Figure 5 . A minimum molecular weight per crosslink of approximately 6,000 was necessary for adequate elongation and strength. Mc values exceeding 13,000, however, resulted in higher than desirable values of modulus. Therefore, final formulations were selected which resulted in OH/NCO ratios of 1.1 and molecular weights per crosslink between 6,000 and 13,000. Two specific polymers were prepared for further testing. These polymers were based on 1',4-butanediol/trimethylol propane ratios of 80/20 and 70/30, which resulted in elastomers with Mc values of 12,900 and 8,600, respectively. Results of additional testing will be reported in subsequent articles.
Conclusions
A polyurethane elastomer based on an aliphatic diisocyanate and a polyether macroglycol can provide the necessary tensile properties for a satisfactory maxillofacial prosthetic material. An optimum balance of tensile properties for the poly(ether urethane) was obtained with a molecular weight per crosslink between 8,600 and 12,900 gm/mole and a 10% stoichiometric excess of the curing agents. The resulting polymer had a tensile strength of 11 MN/M2, 100% modulus of 2MN/m2, and ultimate elongation of 500%. Satisfactory properties were obtained for the poly ( ether urethane) without the use of plasticizers or stabilizers.
